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The mammalian Cone-rod homeobox (Crx) gene is a divergent member of the Otx gene family known to be involved in differentiation
and survival of retinal photoreceptors and photoentrainment of circadian rhythms. Zebrafish have two genes in the Otx5/crx orthology class,
and we previously showed that crx can transactivate rhodopsin expression in vitro, and that otx5 (orthodenticle-related gene), but not crx,
regulates expression of circadian genes in the pineal. Here, we show that zebrafish crx does not regulate expression of opsins and other
photoreceptor-specific genes in the pineal. We further show that crx is expressed in proliferating retinal progenitors and may be involved in
patterning the early optic primordium and in promoting the differentiation of retinal progenitors, including photoreceptors. These results
suggest novel functions for zebrafish crx during retinal specification and differentiation.
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The vertebrate retina is a highly organized neural struc-
ture with three major cellular layers and seven major types
of cells, including neurons and glial cells. The molecular
mechanisms responsible for retinal development are only
beginning to be discovered, but several homeobox genes,
including Pax6, Six3, Rx/Rax, Chx10/vsx2, and Crx, are
among the critical factors implicated at various stages of eye
development (Chow and Lang, 2001). The Cone-rod ho-
meobox (Crx) gene is a divergent member of the ancient and
highly conserved orthodenticle-related (otx) gene family of
paired-class homeobox genes (Chen et al., 1997; Furukawa
et al., 1997). In the mammalian retina, Crx is expressed
strongly in postmitotic developing and mature rod and cone
photoreceptors, more weakly in the outer part of the inner
nuclear layer of the retina (presumptively in retinal bipolar
cells), and in the pineal gland (Bibb et al., 2001; Chen et al.,
1997; Furukawa et al., 1997). Mammalian and zebrafish Crx
protein binds to and directly transactivates photoreceptor-
specific genes in vitro (Chen et al., 1997; Furukawa et al.,
1997; Liu et al., 2001), and in the mammalian retina, Crx
regulates photoreceptor differentiation in vivo (Furukawa et0012-1606/$ - see front matter D 2004 Published by Elsevier Inc.
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of Crx, photoreceptors fail to form outer segments, and
eventually degenerate, indicating that Crx function is re-
quired for their complete differentiation and survival (Fur-
ukawa et al., 1999). In the absence of Crx function, the
expression of many other photoreceptor-specific genes is
also dramatically reduced, suggesting that Crx is required
for high levels of expression of these genes (Blackshaw et
al., 2001; Furukawa et al., 1997; Livesey et al., 2000).
Mutations in human CRX have been identified in three
photoreceptor-degeneration diseases, including cone-rod
dystrophy, retinitis pigmentosa, and Leber congenital
amaurosis (Freund et al., 1997, 1998; Jacobson et al.,
1998; Rivolta et al., 2001a,b; Silva et al., 2000; Sohocki
et al., 1998; Swain et al., 1997; Swaroop et al., 1999),
suggesting that human CRX is also essential for the
maintenance of photoreceptors. However, the function of
Crx expression in the inner nuclear layer of the mamma-
lian retina is unknown.
We previously cloned zebrafish crx, and we showed that
onset of crx expression in the retina in vivo is between 17
and 24 h post-fertilization (hpf) before the initiation of
retinal differentiation (Liu et al., 2001). The timing and
pattern of expression indicate that crx is likely expressed in
dividing progenitors in zebrafish retina since the first
neurons (retinal ganglion cells) do not become postmitotic
until 28 hpf (Hu and Easter, 1999). In contrast, Crx
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localized primarily to the outer nuclear layer, coincident
with the appearance of developing photoreceptors, and it is
not thought to be expressed in dividing progenitors (Fur-
ukawa et al., 1997). These differences in timing of expres-
sion suggest that zebrafish crx may have additional, earlier
roles in retinal development that are not present in the
mammalian orthologue.
To examine the role of zebrafish crx in the development
of the zebrafish retina, we used antisense Morpholino
oligonucleotides (Nasevicius and Ekker, 2000; Summerton,
1999) to knock down the synthesis of crx protein. We
demonstrate that zebrafish crx is expressed in mitotic retinal
progenitor cells shortly before and during the wave of
retinal differentiation. We also describe novel potential
functions of zebrafish crx in proximodistal patterning of
the optic primordium and in promoting cell differentiation
throughout the retina, including but not limited to photore-
ceptor differentiation.Materials and methods
Experimental animals
Zebrafish (Danio rerio) from our established outbred
colony were kept at 28.5jC in a 14:10-h light–dark cycle.
Embryos were raised at 28.5jC and staged in hours or days
post-fertilization (Westerfield, 1995).
Morpholinos and microinjections
Morpholinos (MOs) were synthesized by Gene Tools,
LLC (Cowallis, OR). The crx MO1 was complementary to
the initiation codon (AUG) and adjacent 5V and 3V regions of
the zebrafish crx mRNA sequence (GenBank accession
numbers: AF5034431.1 and NM152940.1); crx MO2 was
complementary to a nonoverlapping region of the adjacent
5V untranslated sequence. As controls, MOs with four-
mismatched nucleotides were synthesized. The sequences





The residues complimentary to the AUG start codon are
underlined. The MOs were diluted in 1 Danieau buffer
(Nasevicius and Ekker, 2000) at 0.125, 0.25, or 1 mg/ml.
Embryos were collected shortly after spawning and
injected with approximately 1 nl of MOs into the yolk at
2- to 16-cell stages. At 12 hpf, 0.2 mM 1-phenyl-2-thiourea
(PTU; Sigma, St. Louis, MO) was added to the embryo
medium to prevent development of melanin pigmentation.
Embryos at various stages were fixed in 4% paraformalde-
hyde in 0.1 M phosphate buffer overnight at 4jC or 1 h at
room temperature.In situ hybridization and immunocytochemistry
Whole-mount in situ hybridization was performed as
described (Barthel and Raymond, 2000) using digoxigenin
(DIG)-labeled RNA antisense probes. Full-length cDNAs
used to generate RNA probes included: zebrafish rod opsin
(rho), red opsin (rdops), green opsin 1 (grops1), blue opsin
(bluops), UV-sensitive opsin (uvops) (all from T. Vihtelic
and D. R. Hyde), irbp (from F. Gonzalez-Fernandez),
pax6a, pax2a and fgf 8 (from M. Brand), otx5 (from M.
Halpern), rod and cone transducins a subunit (gnat1 and
gnat2, respectively) and gcap1 (from S. Brockerhoff), otx2
(from G. Doerre), and vsx1 (from N. Schechter). Probes
were detected using alkaline phosphatase-conjugated anti-
bodies and visualized with 4-nitroblue tetrazolium/5-bromo-
4-chloro-3-indolyl phosphate (NBT/BCIP; Roche Molecular
Biochemicals, Indianapolis, IN) or fast red (Roche Molec-
ular Biochemicals). Embryos were analyzed with a Leica
MZ FLIII dissecting microscope and a Sony DKC 5000
video camera, and images were processed using Adobe
Photoshop (Adobe Systems Incorporated, San Jose, CA).
Polyclonal antibodies against zebrafish crx were gener-
ated from a KLH-linked synthetic peptide of the C-terminal
part of the crx protein: KLNFSTVDCLDHKFQVL (Re-
search Genetics Inc., Huntsville, AL). Crude antiserum was
purified by ammonium sulfate precipitation of immunoglo-
bins (Goding, 1983) and used at 2.24 ng/Al. Monoclonal
antibodies zn-5 (1:500), zn-12 (1:500), zns-6 (1:100), and
zs-4 (1:10) were obtained from the Zebrafish International
Resource Center at the University of Oregon (Eugene, OR).
Nuclei were counterstained with 4V,6-diamidino-2-phe-
nylindole (DAPI; Sigma); 45 ng/ml of DAPI was added to
the PBS buffer during the last wash.
Proliferation and cell death assays
To label proliferating cells, 2 nl of 10 mM 5-bromodeox-
yuridine (BrdU, from Sigma) was injected into the yolk sac
of embryos at 48 or 72 hpf, and the embryos were fixed 4
h later. For BrdU and crx double-label immunocytochemis-
try, embryos were injected with BrdU at 44 hpf and fixed at
48 hpf. Cryosections were prepared and BrdU incorporation
was analyzed as described (Hu and Easter, 1999) using rat
anti-BrdU antibody (Accurate Chemical and Scientific
Corp, Westbury, NY), with Cy-3-conjugated secondary
antibody for detection. In double-label preparations, the
rabbit polyclonal crx antibody was visualized Alexa Fluor
488-conjugated secondary antibody (Molecular Probes,
Eugene, OR). Cells in M/G2-phase of the cell cycle were
labeled with rabbit polyclonal anti-phosphohistone H3 an-
tibody (1:1000) (Upstate Biotechnology, Lake Placid, NY)
with AMCA-conjugated secondary antibody for detection
(Jackson ImmunoResearch Laboratories, West Grove, PA).
Images were obtained with a Zeiss Axiophot epifluorescent
compound microscope with an Axiocam video camera and
Axiovision software.
al Biology 269 (2004) 237–251
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zinc chloride double salt; Sigma] (Abrams et al., 1993)
staining was used to analyze cell death in the embryos.
Living embryos were dechorinated and stained with 5 Ag/
ml AO in embryo-rearing media (Westerfield, 1995) for 10
min and then rinsed five times with media. Dead cells
incorporating AO were visualized with a Leica DMIRB
inverted microscope, and photographed with a SPOT RT
2.3.0 digital camera (Diagnostic Instruments, Sterling
Heights, MI).Results
crx protein levels in the retina are reduced by crx MO
By 72 hpf when retinal lamination is complete (except
for the germinal zone at the ciliary margin where retinal
progenitor cells continue to proliferate), crx mRNA (Liu et
al., 2001) and protein (Figs. 1A, B) are confined to the
developing photoreceptors and the outer part of the inner
nuclear layer (INL). To examine the efficacy and persistence
of protein knockdown by crx MOs, we compared crxFig. 1. crx MOs blocked crx protein synthesis for 3 days. (A and C) crx
immunofluorescence. (B and D) Same sections as (A and C), respectively,
with DAPI staining for nuclei. Representative embryos are shown for each
condition. (A and B) 4-mis crx MO1 + MO2 control (n = 10); (C and D)
0.125 ng crxMO1 + 0.25 ng crxMO2 (n = 13). onl, outer nuclear layer; inl,
inner nuclear layer; gcl, ganglion cell layer. The fluorescent signal in the
epidermis, lens, and cornea is nonspecific background staining. Scale bar:
50 Am.immunoreactivity in MO-injected and control embryos.
Because we were especially interested in examining the
effects on photoreceptor differentiation of blocking crx
function, we examined levels of protein expression at 72
and 96 hpf, since photoreceptors do not begin to differen-
tiate until 48 hpf (Hu and Easter, 1999; Larison and
Bremiller, 1990). With the highest dose of MO used (1 ng
MO1), crx immunoreactivity was nearly completely elimi-
nated at 72 hpf, although with lower doses (0.25 ng MO1),
synthesis of crx protein began to recover before 72 hpf, and
a lower dose of MO1 (0.125 ng) produced no reduction in
crx immunoreactivity (data not shown).
However, we also noticed that at the effective doses of
MO1, the eyes and brain of some embryos were reduced in
size: at the intermediate dose (0.25 ng), the average eye
diameter was reduced by 18% (n = 30) and the average
brain width was reduced 12% (n = 15), but at the higher
dose (1 ng), the average eye diameter was reduced by 28%
(n = 18) and the average brain width by 24% in brain (n = 9)
at 72 hpf. Nonspecific mistargeting effects (defined as
phenotypes not attributed to specific gene targeting) can
be a concern with morpholinos, especially when used at
higher doses, but this phenomenon has also been observed
for some MOs at a rate of 15–20% even under stringent
concentrations (Ekker and Larson, 2001). A BLAST search
of all zebrafish (D. rerio) sequences currently in public
databases showed that crx MO1 matched with 100% iden-
tity (25 out of 25 nucleotides) two independently derived
genomic clones containing the crx gene on linkage group 5.
The next closest sequence match was the crx paralog, otx5,
with a sequence identity at 14 of 14 nucleotides, but
effective protein knockdown is achieved with MOs that
are 21- to 25-mers (Nasevicius and Ekker, 2000; Summer-
ton, 1999).
One strategy that has been used successfully to increase
specificity and efficiency of gene targeting is to use two
MOs of independent sequence (Ekker and Larson, 2001).
Therefore, we generated a second morpholino (MO2),
which targeted the 5V untranslated sequences of crx imme-
diately upstream of MO1. When injected alone at doses up
to 2 ng, MO2 produced no specific phenotype and had no
effect on brain or eye size (data not shown). A BLAST
search revealed a hit with a sequence identity at 20 of 21
bases in one uncharacterized genomic clone that mapped to
linkage group 20, and sequence identities at a level of 18 of
19 in several zebrafish genomic clones on various linkage
groups. However, MO2 up to 2 ng produced no effects
(specific or nonspecific) on injected embryos, so we con-
clude that this degree of homology was insufficient to
produce mistargeting. As we hoped, however, when MO1
and MO2 were injected together at low doses (0.125 ng
MO1 combined with 0.25 ng MO2), they acted synergisti-
cally to eliminate crx immunoreactivity in the retina up to
72 hpf (Figs. 1C, D). In embryos injected with the MO1 +
MO2 cocktail, the effect on brain and eye size was much
less severe: the eyes were, on average, 10% smaller in
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the width of head was similarly reduced by 8.5% (P < 0.05,
control n = 9, morphant n = 14) at 72 hpf. Most of the data
shown below are from experiments in which the MO1 +
MO2 cocktail was used, but some data are from injections
of MO1 alone.
crx regulates proximodistal patterning of the optic
primordium
At the onset of expression in the retina at approximately
24 hpf, crx mRNA is restricted to a small ventronasal patch
(Liu et al., 2001), the site at which retinal differentiation is
initiated a few hours later when the first neurons (retinal
ganglion cells) become post-mitotic at 28 hpf (Burrill and
Easter, 1995; Hu and Easter, 1999). The domain of crx
expression in retinal progenitor cells subsequently enlarges,
eventually expanding across the presumptive retina, ahead
of the wave of retinal differentiation and lamination (Liu etFig. 2. Expanded expression domains of pax2a and fgf8 in the optic primordium of
the indicated probe. Representative embryos are shown for each condition. (A) n =
B, E, F, I, J) Dorsal views, anterior down; (C, D, G, H) lateral views, anterior to th
11 for pax2a and n = 5 of 8 for fgf8). (K) Cryosection of a whole mount in situ
primordium; anterior is to the left. The optic primordium is outlined. Arrow: choroi
midbrain–hindbrain boundary; os, optic stalk; otv, otic vesicle; ret, retina; sc, spal., 2001). The initial expression of crx in the retina
temporally precedes and is spatially coincident with the site
at which retinal differentiation is initiated, at the junction
between optic stalk and neural retina (Masai et al., 2000;
Neumann and Nuesslein-Volhard, 2000). The temporal and
spatial pattern of expression suggests that crx function
might not be limited to photoreceptor differentiation, but
that it may have a broader role in retinogenesis. To
investigate this possibility, we looked at the expression of
genes thought to be involved in proximodistal patterning of
the developing optic primordium. For example, zebrafish
pax6b is expressed in the distal optic primordium, whereas
pax2a is expressed in the proximal region, from which the
optic stalk is derived (Chow and Lang, 2001). In zebrafish
crx morphants, the optic stalk expression domain of pax2a
was slightly expanded into the optic vesicle at 24 hpf,
although the expression domains of pax2a at the midbrain–
hindbrain boundary and in the otic vesicle were not affected
(Figs. 2A–D). The expression domain of pax6b alsocrx morphants. In situ hybridization of whole mount embryos at 24 hpf with
6; (B, C, and E) n = 7; (D and F) n = 5; (G and I) n = 8; (H and J) n = 9. (A,
e left. Similar results were obtained with the MO1 + MO2 cocktail (n = 5 of
hybridization with a crx probe at 24 hpf showing expression in the optic
d fissure. dd, dorsal diencephalon; epi, epiphysis; fec, facial ectoderm; mhb,
inal cord. Scale bars: (A–J) 100 Am; (K) 50 Am.
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perhaps because the eyes were slightly smaller than controls
(Figs. 2I, J).
Another marker of optic stalk tissue at this stage is
fibroblast growth factor 8 (fgf8), which is expressed in the
optic stalk, the facial ectoderm, the dorsal diencephalon, and
the midbrain–hindbrain boundary at 24 hpf (Reifers et al.,
1998) (Figs. 2E, G). The optic stalk domain of fgf8 was
often enlarged after injections of crx MO1, and the facial
ectoderm domain was also expanded, although the expres-
sion domain at the midbrain–hindbrain boundary was again
unaltered (Figs. 2F, H).
We previously found that crx expression begins in the
pineal at 17 hpf and in the retina at 24 hpf (Liu et al.,
2001). In that paper, we showed retinal expression in
zebrafish embryos at 31 hpf and older; Fig. 2K shows
localized crx expression in the optic primordium at 24
hpf adjacent to the choroid fissure, which represents the
boundary of presumptive retina and optic stalk. Although
we cannot reliably detect a signal by in situ hybridization
before 24 hpf, this method has relatively low sensitivity,
suggesting that the onset of crx is likely somewhat
earlier.
crx promotes differentiation of retinal neurons
The results shown above implied that crx may play a
role in early stages of retinal development before photo-
receptor differentiation. To further examine the roles of crx
in retinal cell differentiation, we next looked at several
makers of differentiated retina. The zs-4 monoclonal
antibody labels the ventricular lining (apical surface) of
the nervous system, and in the eye, it stains the apical
surface (outer limiting membrane) of the retina and the
lens epithelium (Figs. 3A, C). At 48 and 72 hpf, crx MOs
had no effect on zs-4 immunoreactivity (Figs. 3B, D).
This suggests that the overall polarity and organization of
the retinal neuroepithelium is not affected in the crx
morphants.
The monoclonal antibody zn-12 recognizes a family of
glycoconjugates, HNK-1, that are expressed on some pop-
ulations of neurons and Mu¨ller glia (Peterson et al., 2001).
In the early zebrafish retina, the HNK-1 antigen is expressed
by the earliest differentiating retinal ganglion cells (RGCs)
at 24 hpf (Hu and Easter, 1999). At 48 and 72 hpf, zn-12
staining can be seen in the ganglion cell layer (GCL), inner
and outer plexiform layers (IPL and OPL), Mu¨ller glial cells
and optic nerve (Figs. 3E, G) in the control embryos. In the
crx morphant embryos, HNK-1 was detected at both 48 and
72 hpf, but the staining was weaker and restricted to more
differentiated regions in ventral retina and adjacent to the
optic stalk (Figs. 3F, H).
The zn-5 monoclonal antibody recognizes a surface
adhesion molecule of the immunoglobulin superfamily,
neurolin/DM-GRASP, which mediates homophilic adhe-
sion and neurite outgrowth in vitro (Fashena and Wester-field, 1999). At 48 and 72 hpf, zn-5 staining was seen in
the GCL and optic nerve in normal embryos (Figs. 3I, K),
but in the crx MOs-injected embryos, zn-5 staining was
detected only in a few ganglion cells adjacent to the optic
stalk, in the region that contains the first postmitotic RGCs
(Fig. 3J). At 72 hpf, neurolin/DM-GRASP protein was
observed across the GCL and the optic nerve (Fig. 3L), but
at lower levels in crx morphant embryos than in controls.
These results suggested that differentiation of RGCs was
delayed by crx MOs.
The monoclonal zns-6 recognizes an unidentified epi-
tope expressed on neuronal processes. It appears in the
retina later than the other markers; by 48 hpf (Fig. 3M), it
is weakly expressed in the IPL, and by 72 hpf (Fig. 3O),
it stains the IPL and OPL and the developing photore-
ceptor outer segments. In crx morphants, zns-6 did not
stain the retina at 48 hpf, although the brain neuropil was
stained (Fig. 3N). At 72 hpf, zns-6 staining was still not
observed in the retina (Fig. 3P), again suggesting a
specific delay in retinal neuron differentiation in crx
morphants.
In summary, all of these observations are consistent with
a generalized delay in retinal cell differentiation when the
levels of crx protein are reduced in retinal progenitor cells.
Interfering with crx function caused increased retinal cell
death at early stages and increased BrdU incorporation at
later stages
We next asked whether the apparent delay in retinal
differentiation in crx morphants might be due to changes in
cell proliferation and/or cell death in retinal progenitors or
differentiating retinal neurons. At 27–29 hpf, live embryos
were incubated with acridine orange (AO) to visualize dead
and dying cells (Figs. 4A, B). The number of pyknotic cells
in the retinas of control embryos, injected with 4-mis crx
MO, was somewhat higher than what has been reported
previously (Li et al., 2000), but the mean number of AO-
stained profiles in crx morphant retinas was significantly
greater than the number of AO-stained profiles in the 4-mis
crx control retinas (Fig. 4C). At 37–40 hpf, the variance in
numbers of AO-stained profiles was slightly larger in both
control and morphant groups than at 27 hpf (Fig. 4C), but
the difference was statistically significant. Thus, the crx MO
cocktail caused increased cell death in the retina at early
stages. We did not quantitate cell death in the brain,
although qualitatively, the number of AO-stained profiles
seemed to be increased in morphant embryos, but with no
apparent regional differences.
We next examined whether crx plays a role in prolifer-
ation of retinal cells by labeling mitotic cells with BrdU. In
control embryos at 2 dpf, most cells in the retinal ganglion
cell layer (GCL) were post-mitotic, whereas some cells in
the INL and most cells in the outer nuclear layer (ONL)
were labeled with a 4-h pulse of BrdU (Fig. 5A). In crx
morphant embryos, however, most cells in the outer retina
Fig. 3. Delayed expression of retinal markers in crx morphants. Immunofluorescence with monoclonal antibodies at two time points as indicated. (Arrow)
Outer limiting membrane of the retina. Representative embryos are shown for each condition. For each antibody at each time point, n = 5. Scale bar: 100 Am.
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the GCL were also BrdU-labeled (data not shown). One day
later, in control embryos almost all cells in the laminated
retina had exited the cell cycle, and the only retinalprogenitor cells incorporating BrdU were in the germinal
zone at the peripheral (ciliary) margin (Fig. 5C). However,
in crx morphants, many cells in the ONL and a few in the
INL continued to incorporate BrdU at 3 dpf (Fig. 5D). These
Fig. 5. Retinal progenitors express crx and its loss delays cell cycle
withdrawal. (A–D) Immunofluorescence for BrdU (red) after a 4-h pulse;
injection at 48 hpf (A, B) or 72 hpf (C, D). Representative embryos are
shown for each condition. (A, B) n = 10. (C, D) n = 5. (E) crx mRNA
expression (red) and phosphohistone H3 immunofluorescence (blue) at 31
hpf in the retina (n = 6). (Inset) Higher magnification view of a double-
labeled cell. The fluorescence in the lens is background. (F) BrdU and crx
double staining at 48 hpf after BrdU injection at 44 hpf. BrdU is in red, and
crx protein is in green. Nuclei immunolabeled for both BrdU and crx are
yellow (arrows). The red fluorescence in the lens and the green fluorescence
in the epidermis/cornea is nonspecific background. onl, outer nuclear layer;
inl, inner nuclear layer; gcl, ganglion cell layer. Dorsal is up in all panels.
Scale bars: (B) 50 Am (also applies to A); (D) 100 Am (also applies to C); (E
and F) 50 Am.
Fig. 4. Increased cell death in the retina of crx morphants. Acridine orange
(AO) vital staining of dying cells at 27 hpf in (A) 4-mis crx MO1 + MO2
control (n = 14) and (B) crx MOs-injected embryos (n = 11). The white line
outlines the eye. Scale bar: 100 Am. (C) The number of AO-stained profiles
in the retina at 27–29 hpf was increased ( P < 0.001) in experimental (n =
21) embryos compared to controls (n = 24). For embryos at 37–40 hpf, the
mean number of AO-stained profiles in the retina of morphant embryos (n =
22) was slightly increased ( P < 0.05) compared to controls (n = 23). The
error bars indicate F1 SD.
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retinal progenitors from the cell cycle.
We have shown (Fig. 2K) that crx is expressed in the
ventronasal retina at 24 hpf, about 4 h before the first retinal
progenitor cell withdraws from the cell cycle (Hu and
Easter, 1999). To confirm that crx is expressed in mitotic
retinal progenitor cells, we used markers of proliferation
combined with in situ hybridization or immunocytochemis-
try. We found crx message in proliferating cells labeled with
the mitotic cell marker phosphohistone H3 (Fig. 5E). After a
4-h pulse of BrdU, crx protein was detected in BrdU-
positive cells at 48 hpf in the ONL and INL (Fig. 5F).
These data indicate that crx is expressed in late-stage retinalprogenitor cells, just before differentiation, in addition to
post-mitotic, differentiating photoreceptors and cells in the
outer part of the INL.
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retina but not in the pineal gland in crx morphants
In Crx/ mice, expression of opsin genes and several
other photoreceptor genes was reduced or eliminated, indi-
cating that Crx positively regulates their transcription (Fur-
ukawa et al., 1999; Livesey et al., 2000). Zebrafish crx is
expressed in both cone and rod photoreceptors in the
differentiated retina and in pinealocytes in the pineal gland
(Liu et al., 2001). Photoreceptors are the last retinal neurons
to be generated in the zebrafish retina (Hu and Easter, 1999),
and to test whether endogenous crx regulates photoreceptor
differentiation, we used in situ hybridization to examine
expression of several photoreceptor-specific genes in the
crx morphants. By 72 hpf, cone and rod opsin genes were
strongly expressed in the retina of control embryos (Figs.Fig. 6. Reduction of opsin and irbp expression in crx morphants. In situ hybridizati
control and morphants, as indicated. Representative embryos are shown for each co
(G) n = 6; (H) n = 6; (I) n = 2; (J) n = 7; (K and L) n = 5; (M) n = 8; (N and O) n
patch of differentiating retina. Scale bar: 100 Am.6A, I, K, M, O). Injection of crx MOs (either the cocktail of
MO1 + MO2, 0.25 ng MO1, or 1 ng MO1: Figs. 6B, C, D,
respectively) nearly completely eliminated the expression of
rho in the retina at 72 hpf, although in some embryos, a few
rho-expressing photoreceptors were seen at the initial site of
retinal differentiation (Figs. 6B–D, J), called the ventral
patch (Hu and Easter, 1999; Raymond et al., 1995; Schmitt
and Dowling, 1996). Expression of four cone opsin genes
(rdops, grops1, bluops, and uvops) was similarly blocked in
the crxmorphants (Figs. 6J, L, N, P). Another photoreceptor-
specific gene, interphotoreceptor retinoid binding protein
(irbp), was also down-regulated in the morphant retina (Figs.
6E–H), although the signal was completely suppressed only
at the highest dose (1 ng crx MO1). By 3.5–4 dpf, some of
the morphant embryos had substantial opsin expression in
the retina (data not shown), coincident with the appearanceon of whole mount embryos with probes for photoreceptor-specific genes in
ndition. (A) n = 7; (B) n = 4; (C) n = 10; (D) n = 12; (E) n = 12; (F) n = 26;
= 13; and (P) n = 6. (A–H) Arrows: pineal gland. (B) Arrowheads: ventral
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istry (data not shown). These results suggest that crx pro-
motes differentiation of rod and cone photoreceptors in the
retina. Taken together with the results described above, we
conclude that zebrafish crx functions in retinal progenitors to
promote all stages of retinogenesis, from the earliest born
retinal ganglion cells to the last born photoreceptors.
In addition to the retina, crx is also expressed in the
pineal gland in both mammals and zebrafish (Chen et al.,
1997; Liu et al., 2001). In Crx/ mice, the expression of a
gene involved in regulating circadian rhythms, arylalkyl-
amine N-acetyl-transferase (Aanat), which encodes the rate-
limiting enzyme for synthesis of melatonin, is abolished in
the pineal gland, and photoentrainment of the mice is
disrupted (Furukawa et al., 1999). We showed previously
(Gamse et al., 2002) that in zebrafish, otx5, but not crx,
regulates expression of pineal circadian genes such as irbp,
aanat-2, and reverb-a, an orphan receptor that belongs
nuclear receptor superfamily and is encoded by the opposite
strand of the a-thyroid hormone receptor gene—erbAa
(Lazar et al., 1989). The opsin gene rho is also expressed
in the pineal gland in zebrafish, but its expression was not
affected by crx MOs at 72 hpf (Figs. 6B–D), similar to the
lack of regulation of irbp by crx in the pineal (Figs. 6E–H).
Several other photoreceptor-specific genes in the visual
transduction pathway, including transducin a-subunit (rod,Fig. 7. Reduction of additional photoreceptor-specific genes in crx morphants. In
specific genes in control and morphants, as indicated. Representative embryos are s
n = 17; (H) n = 27. (A–D) Dorsal views. (E–H) Lateral views of the embryos.Gnat; cone, Gnat2), rod phosphodiesterase b-subunit
(Pdeb), cone phosphodiesterase a-subunit (Pdec), cGMP-
gated channel (rod, Cncg; cone, Cnga3), arrestin (Sag),
rhodopsin kinase (Rhok), and recoverin (Rcvrn), are also
regulated by mammalian Crx. In Crx/ mice, the expres-
sion of most of these genes was reduced, except for the
Cnga3, which was up-regulated (Blackshaw et al., 2001;
Furukawa et al., 1999; Livesey et al., 2000). Zebrafish
orthologues for a few of these genes have been isolated, and
we tested whether their expression was also delayed in the
crx morphants. The expression pattern of gnat1 is similar
that of rho, although the onset of the former is slightly later,
such that at 72 hpf, gnat1 is found in rods only in the
earlier-differentiating ventral retina and in the pineal
(Figs.7A, E). Similar to rho and irbp, in crx morphants,
expression of gnat1 was reduced in the retina, but not in the
pineal (Figs. 7B, F). gnat2 is expressed in cones throughout
the retina and in the pineal at 72 hpf (Fig. 7C, G), but in crx
morphants, only a small ventral–nasal patch of retinal
expression was seen, and again, the pineal expression was
not significantly changed (Figs. 7D, H). Another gene in the
visual transduction cascade, guanylyl cyclase-activating
protein 1 (gcap1), has the same expression pattern as that
of gnat1 (Fig. 7I), and in crx morphants, the expression of
gcap1 in the retina was inhibited (Fig. 7J), but pineal
expression remained (data not shown). Taken together,situ hybridization of whole mount embryos with probes for photoreceptor-
hown for each condition. (A) n = 15; (B) n = 12; (E) n = 10; (F) n = 12; (G)
(E) Arrow: ventral patch. Scale bar: 100 Am.
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differentiation of photoreceptors is restricted to its expres-
sion domain in the neural retina.
Expression of homeobox transcription factors in the INL is
altered in crx morphants
Crx is weakly expressed in unidentified cells in the INL
of the human and mouse retina (Bibb et al., 2001; Wang et
al., 2002), but its function in retinal cells of this layer has
not been studied. Related homeobox transcription factors in
the paired-class subfamily, such as otx2 and vsx1, are
expressed in a similar region of the INL in zebrafish retina,
so we next asked whether expression of these genes is
altered in crx morphants.
The onset of otx2 expression is early in development, at
gastrulation stages, when it is found in the region of theFig. 8. Altered expression of genes in the INL in crx morphants. (A, B, C, D, G, H
genes expressed in the INL, as indicated. (E, F, I, J, M, N) Whole mounts process
are shown for each condition. (A, L) n = 11; (B, D) n = 14; (C) n = 12; (E, F, I, O, P
Scale bars: (M) 100 Am, also applies to other panels illustrating cryosections; (P) 1
O, P) Lateral views of embryos. (G and H) Dorsal views of embryos. (G, H) Arpresumptive anterior neural plate (Li et al., 1994; Mori et al.,
1994). At a later stage (24 hpf), otx2 is localized to the
dorsal diencephalon and the ventral midbrain (Mori et al.,
1994), and the pigmented retinal epithelium, RPE (Li et al.,
1994). At 49 hpf, otx2 is detected in the RPE, in the
germinal zone of the neural retina, and cells in the INL
(Liu et al., 2001). We therefore examined crx morphants at
48, 55, and 72 hpf. At 48 hpf in control embryos, otx2 was
expressed at high levels throughout the retina and in the
midbrain (Fig. 8A), and at 48 and 55 hpf, retinal expression
was confined to the germinal zone and INL (Figs. 8E, I). By
72 hpf, the intensity of the otx2 signal in retina had
decreased (Fig. 8O), and it was restricted to the germinal
zone (Fig. 8M). In crx morphants, the expression of otx2 in
the retina was patchy at 48 hpf (Figs. 8B, F), but at 55 and
72 hpf, otx2 expression levels were increased compared to
controls (Figs. 8J, N, P). In contrast (and as expected), the, K, L, O, P) In situ hybridization of whole mount embryos with probes for
ed for in situ hybridization and then cryosectioned. Representative embryos
) n = 4; (G) n = 3; (H, J) n = 5; (K) n = 6; (L) n = 11; (M) n = 9; (N) n = 17.
00 Am, also applies to other panels illustrating whole mounts. (A–D, K, L,
row: pineal gland.
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MOs (Figs. 8B, P).
The expression profile of another paired-class homeobox
gene, vsx1, partially overlaps that of crx. Expression of vsx1
is first detected in the retina in the ventronasal patch at 36 hpf
(Passini et al., 1998), and at 48 hpf, the expression domain
spreads across the retina (Fig. 8C), remaining confined to the
outer part of the INL (data not shown). vsx1 is also expressed
in discrete regions of the hindbrain and spinal cord (Passini
et al., 1998) (Fig. 8C). At 72 hpf, vsx1 expression remains in
the retina but it disappears from the brain (Fig. 8K). In crx
morphants, the expansion of the vsx1 expression domain was
delayed. At 48 hpf, only the nasal half of the retina expressed
vsx1, and the levels were reduced (Fig. 8D), but again as
expected, the hindbrain expression domain was not altered
by crx MOs. At 72 hpf, vsx1 levels in crx morphants were
comparable to controls (compare Figs. 8K and L).
otx5, a recently discovered member of the otx subfamily
of the paired-class homeobox gene family, is closely related
to crx in sequence and in expression pattern (Gamse et al.,
2002) (Fig. 8G). We showed previously that with higher
doses of crx MO1, levels of otx5 transcript were decreased
in the retina but not in the pineal gland at 2 dpf (Gamse etFig. 9. Proposed model of zebrafish crx functions in retinal development. With
primordium expand from the presumptive optic stalk into the presumptive retina at
indicated by reduced HNK-1 and neurolin, and differentiation in the INL is blocke
otx2. (No change was observed in expression of pax6 in crx morphant whole m
Differentiation of photoreceptors and expression of photoreceptor-specific genes (
reduced in crx morphants. The model indicates that crx function is required
differentiation of all cellular layers at later stages.al., 2002). Here, we show that with a lower dose cocktail of
crx MO1 plus MO2, otx5 expression was down-regulated in
the retina, but not totally abolished, although the pineal
expression was unaffected (Fig. 8H).
In summary, all of these changes in expression levels of
homeobox genes in the INL are consistent with delayed
retinal differentiation in the crx morphants.Discussion
In this study, we demonstrated that crx has earlier and
broader roles in retinal development in zebrafish, beyond
the regulation of photoreceptor differentiation that was
described previously in mammals. First, zebrafish crx pro-
motes retinal specification during regionalization of the
optic primordia. Second, crx promotes withdrawal of retinal
progenitors from the cell cycle and differentiation of retinal
neurons, including but not limited to photoreceptors. A
model illustrating the proposed multiple roles of zebrafish
crx in retinal development is presented in Fig. 9.
The most unexpected finding of the present study of
zebrafish crx function was the expansion of the early opticloss of crx protein, the expression domains of pax2 and fgf8 in the optic
early retinal specification stages. Ganglion cell differentiation is blocked, as
d, as indicated by reduced vsx1, otx5 and zns-6, and continued expression of
ounts, but we did not investigate its expression pattern in cryosections).
opsins, gcap1, gnat1, gnat2 and irbp) are subsequently blocked and otx5 is
for the proximodistal specification of the retina at early stages and the
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embryos. Early in vertebrate retinal development, expres-
sion of Pax6 defines the region of the optic primordium
destined to produce neural retina, and Pax2 defines the
region that becomes the optic stalk (Chow and Lang, 2001).
Pax6 and Pax2 generally display reciprocal, negative regu-
lation, and these mutually antagonistic expression domains
of Pax6 and Pax2 contribute to establishing the boundary
between retina and optic stalk (Schwarz et al., 2000). In
zebrafish, the midline signaling molecule sonic hedgehog
(shh) regulates the expression of pax6 and pax2, and in turn,
the regionalization of the optic primordium. In the zebrafish
cyclops mutant, which disrupts nodal-related 2, a member
of the transforming growth factor-beta (TGF-beta) family,
early expression of shh in the ventral forebrain is absent, the
optic stalks are underdeveloped or missing, pax2 protein is
almost absent, the eyes are fused and pax6 protein is present
in cells across the midline of the ventral forebrain (Sampath
et al., 1998). In contrast, overexpression of shh leads to a
reduction of pax6-expressing cells and an expansion of pax2
expression into the retinal primordium, suggesting that shh
induces the expression of pax2 and inhibits the expression
of pax6 (Macdonald et al., 1995). The onset of crx expres-
sion between 17 and 24 hpf in zebrafish is spatially and
temporally coincident with the initiation of retinal differen-
tiation at the boundary between optic stalk and presumptive
neural retina (Hu and Easter, 1999; Masai et al., 2000;
Neumann and Nuesslein-Volhard, 2000). The expansion of
pax2a expression domain in the morphants suggests that crx
may promote retinal specification and thereby the regional-
ization of the optic primordium, especially during stages
when retinal neurons are differentiating. Whether crx in-
volvement in retinal specification is mediated by down-
stream regulation of the hedgehog/pax2a signaling pathway,
or whether it functions in a parallel pathway, requires further
investigation.
Blocking crx function also unexpectedly resulted in
delayed withdrawn of retinal progenitor cells from the cell
cycle resulting in delayed retinal differentiation. The
delayed emergence of several markers of neuronal differen-
tiation in the retina (but not in the brain) after crx MO
treatment is consistent with the suggestion that crx promotes
differentiation of retinal neurons in zebrafish. Despite the
continued proliferation of retinal progenitors, the eyes of
morphant embryos were not increased in size, but instead
were slightly smaller in diameter at 72 hpf. We observed
increased cell death in the retina of crx morphants at 27–29
and 37–40 hpf, during the period of retinal differentiation,
suggesting that in the absence of crx function, retinal
progenitor cells may be unable to respond to extrinsic or
intrinsic signals that normally control retinal differentiation
and may instead die.
Recently, other genes that are involved in retinal devel-
opment have been knocked down using the morpholino
gene-targeting technique. The phenotypes of these mor-
phants have some similarities with the crx morphants. Forexample, knockdown of receptor protein-tyrosine phospha-
tase a (RPTPa) resulted in smaller eyes with fewer retinal
cells than wild type, although no obvious increase in
apoptosis in the eye was observed (van der Sar et al.,
2002). Lamination and differentiation of the retina was also
disrupted in the RPTPa morphants. Similarly, zebrafish
brahma-related gene 1 (brg1), a chromatin remodeling gene
that is affected in the zebrafish mutant young, is required for
complete cellular differentiation and morphogenesis of the
retina (Gregg et al., 2003). In both young mutants and in the
brg1 morphant phenocopies, the retina fails to laminate
(Gregg et al., 2003), although cell cycle withdrawal and
cell fate determination are not altered (Link et al., 2000).
Although there is no evidence that these genes are involved
in the early stages of retinal development, their roles in
lamination and differentiation suggest that they might inter-
act with crx and/or other transcription factors that are
differentially expressed in retinal progenitors during the
period of retinal histogenesis.
The initial focus of our study was to examine the
endogenous regulation of photoreceptor-specific genes by
the transcription factor, crx. Consensus binding sites rec-
ognized by the crx homeodomain (C/T TAAT C/T C) have
been identified in the regulatory domains of several pho-
toreceptor genes, including rhodopsins, IRBP, arrestin, and
h-phosphodiesterase (h-PDE) (Chen et al., 1997; Livesey
et al., 2000). Although we show here that expression of
rhodopsin (rho) and cone opsin genes rdops, grops1,
bluops, uvops, as well as additional photoreceptor genes
irbp, gnat1, and gcap1, are reduced or eliminated in the crx
morphants, the overall delay in retinal development in-
duced at earlier stages in the absence of crx function may
account for this result. Because of these early developmen-
tal effects, the morpholino knockdown method is not
suitable for testing a direct in vivo role for crx in regulating
photoreceptor-specific gene expression. However, the mor-
phant phenotype did reveal that the regulatory actions of
crx are limited to neural retina, and are not found in the
pineal gland, where photoreceptor-specific genes are also
expressed.
In mammals, there is no evidence that IRBP is regulated
by Crx in the retina or pineal gland, and in both mouse and
humans IRBP expression is detected before the onset of Crx
expression at E10.5 in mouse and 10.5 weeks postconcep-
tion in humans (Bibb et al., 2001). In contrast, in zebrafish,
the onset of irbp in the retina is approximately 1 day after
the emergence of crx mRNA, and our results demonstrate
that crx is required for expression of irbp in retina. How-
ever, two observations suggest that in zebrafish, crx is not
necessary for irbp expression outside the neural retina: first,
irbp expression in the pineal is not altered in crx morphants
(Gamse et al., 2002), and second, irbp is expressed in the
RPE (Stenkamp et al., 1998) although crx is not (data not
shown). Again, the reduced expression of irbp in the
morphants might also be explained by the general delay in
retinal differentiation.
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ing the expression of its paralog, otx5, in the retina, as we
first showed in an earlier report (Gamse et al., 2002). In the
earlier study, we also showed that otx5 MO could down-
regulate crx mRNA in the retina, although not as efficiently
as crx MOs reduced levels of otx5 message, as shown here.
We conclude that crx and otx5 positively regulate each other
in the retina. We have also found that otx5 MO reduces the
expression of opsin genes, but not as efficiently as crx MOs
(data not shown). Therefore, otx5 might also play a role in
regulating transcription of photoreceptor-specific genes,
either directly or indirectly, perhaps through positive regu-
lation of crx.
An examination of the molecular phylogeny of the Otx
gene family provides additional insights into the potential
roles of crx and otx5 in retinal and pineal development.
Three orthology classes of Otx genes (Otx1, Otx2, and
Otx5/crx) have been identified in jawed vertebrates (Germot
et al., 2001), and the Otx5/crx orthologs have assumed a
specific role in retinal and pineal specification and differ-
entiation (Plouhinec et al., 2003; Sauka-Spengler et al.,
2001). Zebrafish otx5 and crx are paralogs resulting from a
more recent, independent gene duplication (Sauka-Spengler
et al., 2002), and both are expressed specifically in pineal
gland and retina. In zebrafish otx5, but not crx, controls the
expression of circadian genes in the pineal gland in zebra-
fish, suggesting partitioning of some of the ancestral Otx5
gene functions between these two paralogous genes and a
concomitant loss of other functions (Gamse et al., 2002).
Expression of the mammalian Crx gene is restricted to
retina and pineal, but with a single copy of this orthology
class in mammals, both pineal and retinal functions are
retained.
Similar to crx, XOtx5b is expressed in proliferating
retinal progenitors during early retinal development in
Xenopus, and is later restricted to photoreceptors and a
subset of bipolar cells (Viczian et al., 2003). Like mamma-
lian Crx and zebrafish crx, XOtx5b can activate the opsin
promoter, and over-expression of XOtx5b in retinal progen-
itors promotes photoreceptor cell fate (Viczian et al., 2003).
The photoreceptor-promoting activity of XOtx5b is antago-
nized by XOtx2, which is endogenously expressed in bipolar
cells but not in photoreceptors, providing a potential expla-
nation for why bipolar cells do not express opsin and fail to
differentiate as photoreceptors.
Our results also revealed regulatory interactions between
zebrafish crx and otx2, but suggested that crx might directly
or indirectly down-regulate the expression of otx2, since the
levels of otx2 were increased at 72 hpf in the INL of the crx
morphant embryos. Alternatively, since the overall rate of
retinal differentiation was delayed by crx MOs, the stronger
otx2 signal might have resulted from delayed withdrawal of
retinal progenitors from the cell cycle, thereby delaying the
down-regulation of otx2 that accompanies retinal differen-
tiation. Similarly, since the level of vsx1 expression in the
INL increases with retinal differentiation, the reduced vsx1expression seen in crx morphants might be an indirect effect
of delayed retinal development.
In mammals, the function of Crx in the INL has not been
addressed. In Crx/ mice, no abnormality in the INL was
reported, although the Otx2 mRNA levels were higher in
Crx/ null mice at P10.5 compared to Crx+/+ littermates
(Livesey et al., 2000), similar to our results in zebrafish.
There are also conflicting reports about Crx expression in
the INL of the mammalian retina. Crx immunoreactivity
was observed in the INL of human (Bibb et al., 2001) and
mouse (Wang et al., 2002) retinas, but in a transgenic mouse
line with b-gal under the control of Crx regulatory regions,
no expression of the reporter was found in the INL (Fur-
ukawa et al., 2002). However, the lack of reporter expres-
sion might have been due to the lack of an enhancer element
in the transgene required to drive expression in the INL.
A chick homeobox gene that is related to mammalian
Crx, called cbx, has been isolated recently by using human
crx cDNA to probe a chick retinal library (Li et al., 2002).
The cbx gene is expressed in the INL (likely in cone bipolar
cells) as well as in the optic tectum and Rathke’s pouch, but
not in photoreceptors. Misexpression of Cbx in the chick
retina resulted in fewer cone bipolar cells, suggesting that
Cbx represses bipolar cell commitment or differentiation. A
putative human Cbx sequence has been found in the human
genome (Li et al., 2002), but its expression pattern and
phylogenetic relationship to the larger class of otx5/crx
genes are unclear.
A drawback of using morphant technology in zebrafish
for studying the late embryonic functions of a gene such as
crx is that the MO-mediated reduction in protein synthesis is
sustained for only about 3 days, after which, protein levels
begin to recover (van der Sar et al., 2002, and the present
results). Loss-of-function phenotypes that appear after 3
days cannot be assessed with MO treatment, and therefore,
we could not assess whether lack of crx function eventually
leads to failure of photoreceptor outer segment differentia-
tion and subsequent degeneration of photoreceptors in
zebrafish at later stages, as it does in mouse and human
retina. On the other hand, the crx morphant phenotype in
zebrafish has revealed a novel function of crx in earlier
stages of regionalization of the optic primordium and the
initiation of retinogenesis. These results demonstrate that
zebrafish crx functions during early during retinal specifi-
cation and differentiation, but whether crx also plays a direct
role in photoreceptor cell fate determination at the expense
of other cell fates, as does the related gene Xotx5b, requires
further investigation.Acknowledgments
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